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Coercivities up to 1.9 T were achieved by bonding micron-size SmlFel,N, particles with zinc. 
X-ray analysis of Zn-bonded samples indicates the presence of the ZnFe IY phase and no 
unreacted Zn, after heat treatment at about 390 “C for 100 min for samples with Zn content 
varying from 5 to 35 wt. %. The increase of coercivity occurs only for a more intense heat 
treatment, e.g., at 390 “C! for 300 min or 425 “C for 100 min. Differential scanning calorimetry 
(DSC) shows two exothermic peaks at 388 and 426 “C, but no endothermic peak related to the 
melting of Zn (at 419.6 “C) was observed. In dilatometric measurements two peaks were 
observed for the rate of length change near the same temperatures as the DSC peaks. 
Polarization-versus-field curves point to an additional ferromagnetic phase with (i) a Curie 
temperature near 180 K and (ii) 2% of the net magnetization at low temperatures. The 
corresponding dip in low-temperature demagnetization curves, however, is about 10% in depth. 
Most of the SmzFepN, grains in the demagnetized Zn-bonded masets are multidomain. We 
found yz 3.4~ IO-* J/m2 and 0,~0.3 pm for the wall energy and for the crit.ical single-domain 
particle diameter, respectively. 
1. INTRODUCTION 
After the announcement of Sm,Fe17N, as a potential 
material for permanent magnet application by Coey and 
Sun,’ good progress has been achieved towards developing 
useful coercive materials by applying different tech- 
niques.‘A Of these, metal bonding turns out to be a suitable 
technique for preparing anisotropic magnets.3 Coercivities 
up to 1.8 T have been achieved in anisotropic magnets 
using Zn as the bonding material.16 According to Otani 
et al.,’ the effect of Zn in increasing the coercivity is to 
reduce the surface roughness of the Sm,Fe17N, particles 
and to decouple t.hem magnetically by providing a para- 
magnetic ZnFe I? phase in the interparticle space 
( -Zn,Fe,). Huang et aL5 suggest that this increase in co- 
ercivity is also due to the elimination of deleterious a-Fe by 
combining it with Zn to form Zn-Fe paramagnetic phases. 
Furthermore, t.hey only observed an increase in coercivity 
for binders such as Zn or Sn, which can form a nonmag- 
netic phase wit.h Fe. 
In this study we examine the formation of Zn-Fe 
phases in Zn-bonded magnets by different heat-treatment 
conditions and examine their et&t on the magnetic prop- 
erties. 
II. EXPERIMENTAL METHODS 
The preparation of our Zn-bonded Sm,Fe,,N, magnets 
and the magnetic measurements were described else- 
where.“’ The reaction of Zn with the magnetic material 
was investigated by differential scanning calorimetry 
(DSC) and dilatometry. These investigations were carried 
out in nitrogen atmosphere at heating rates of 20 K/min 
(DSC) and 10 K/min (dilatometry). The samples were 
submitted to x-ray analysis after different stages of thermal 
treatment. Magnetic domains were analyzed by the Kerr 
technique, 
Ill. RESULTS AND DISCUSSION 
As shown in Fig. 1, the increase of coercivity after heat 
treatment with increasing Zn content is very clear, but it 
does not behave similarly for different combinations of 
time and temperature. Especially for intermediate Zn con- 
tents, more intense heat treatments are needed to further 
increase coercivity. 
X-ray analysis shows the presence of the r phase after 
heat treatment at 390 “C! for 100 min, and no unreacted Zn 
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FIG. 1. Coercivity #!f&. ~3 Zn content for different heat treatments con- 
ditions: before heat treatment; 4-390 “C for 100 min; A-390 “C for 300 
min; +-425 “C for IM) min, O-mixed powder. 
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FIG. 2. X-ray ditTraction patterns of 25% Zn bonded samples after heat 
treatment: (a) 390 “C for 3)o min; (b) 425 “C for 100 min. 
could be detected. It is noteworthy that at this stage the 
coercivity is not yet fully developed, It increases after more 
intense heat treatments for longer times or at higher tem- 
peratures. Possibly an improvement in coating of the mag- 
netic particles by the r phase takes place when more in- 
tense heat treatments are applied, and this leads also to the 
observed decrease in the relative intensity of the x-ray re- 
flections of the Sm2Fe17N, phase: e.g., for the peaks be- 
tween 41” and 42“ (Fig. 2). 
In Fig. 3 the variation of magnetization measured at 4 
T, before and after heat treatment, is shown. As would be 
expected, the magnetization before heat treatment de- 
creases with Zn content approximately according to a sim- 
ple dilution law. After heat treatment, however, this de- 
crease is much stronger. Furthermore, the magnetization, 
unlike the coercivity, seems to decrease simultaneously 
with the formation of the J? phase, not apparently changing 
after the complete consumption of Zn. The reduction is 
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FIG. 3. Specific polarization o, measured at an external field of 4 T, as a 
function of Zn conteut for different heat treatments conditions: O-before 
heat treatmeut, A-390 “C for 300 mia; +-425 “C for 1130 min. 
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FIG. 4. Differential scanning calorimetry (DSC) curve (heating rate 20 
K/min) and dilatometry curve (heating rate 10 Klmin) for a sample 
made from a mixture of SmzFcliN, with 15 wt $6 Zn. 
caused by the reaction of Zn with some magnetic phase, 
which can be a-Fe or Sm~Fe,~N,. 
The DSC traces of samples made from Sm2Fe17NE; 
powder mixed with 211 show two exothermic reactions at 
approximately 390 and 425 “C (Fig. 4). At nearly the same 
temperatures, the dilatometry shows two expansion peaks 
(Fig. 4). To check the relation of these peaks with reac- 
tions involving the Zn-Fe system we performed DSC and 
dilatometry on an additional 75:25 sample made from pow- 
ders of these elements. It turns out that the same peaks 
appear at approximately the same temperatures. Hence 
they are related to reactions involving the Zn-Fe system. 
As checked by x-ray analysis the first exothermic reaction 
occurring around 390 “C is related to the formation of the 
r phase. The observed expansion peak ( .- 8  ~01% ) near 
this temperature is probably due to voids caused by the 
preferential diffusion of Zn into iron (Kirkendal effect) .* 
The nature of the second exothermic peak, however, is not 
known. No endothermic peak related to the melting of Zn 
can be seen in the DSC traces, meaning that either the 
endothermic peak is suppressed by the exothermic one at 
around 426 “C or, for the given conditions, the reaction 
between Zn and the magnetic particles takes place below 
the melting point of Zn. 
At low temperatures the demagnetization curves of 
Zn-bonded SmzFel,N, show a dip, about 10% in depth, in 
the second quadrant of JH plane (Fig. 5). A spin- 
reorientation transition cannot account for the effect since 
none was found for this compound.“” Another possible 
cause is the presence of an additional ferromagnetic phase 
with a Curie temperature Tr not much below 200 K. In- 
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FIG. 5. Demagnetization curves of a 15-wt. % &-bonded magnet mea- 
sured at different temperatures. 
deed, thermomagnetic analysis points to a phase with TC 
z 180 K (Fig. 6). But the contribution of this phase to 
saturation polarization is only 2%. It probably favors the 
nucleation of movable domain walls in Sm2FellN, grains 
which are mostly larger than the critical diameter DC for 
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FIG. 6. Thermomagnetic phase analysis for the magnet of Fig. 5: -, 
experimental polarization-versus-temperature curve measured on the ma- 
jor demagnetization curve at an applied held of 1 T; ---, T3”’ fit for the 
low-temperature behavior of the magnetic main phase; - I - * -, resulting 
&s-T curve for an additional ferromagnetic phase; . . . extrapolation to 
zero-field condition. 
single-domain particle behavior. We estimated D,zO.J pm 
using the formula” DC,-y/J: with 4, being the intrinsic 
saturation polarization and y=3.4~ 10-l J/m2 the wall 
energy, which was determined from the width d of the 
domains in a grain of diameter D using the formula” 
y- Jfd’/D. 
IV. CONCLUSIONS 
We showed that the coercivity of Zn-bonded 
Sm2Fet7N, magnets can be improved by heat treatment 
after the formation of the paramagnebic I phase. The effect 
can be simply explained by a better distribution of the 
paramagnetic phase in the interparticle space, but the pos- 
sibility of formation of another phase which decouples the 
Sm2Fet7N, more effectively, for instance, SmsFe4rZn53,1 * 
has not been excluded. As discussed above, the dip ob- 
served in the demagnetization curves measured below 200 
K possibly indicates the existence of another paramagnetic. 
phase besides the I phase. X-ray analysis, however, gives 
no evidence of such a phase. 
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